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(54) Magnetic resonance methods and apparatus 

(57) In a magnetic resonance method and apparatus 
magnetic resonance is excited in selected portions of a 
subject disposed within a temporally uniform magnetic 
field A quadrature coil assembly (30) receives radio fre- 
quency magnetic resonance signals from the subject. 
Commonly, the quadrature coil fails to receive signals in 
true quadrature over the entire examination region. Res- 
onance signals from a first coil (32) and a second, or- 
thogonal coil (34) are received (40, 42), digitized (44, 46), 
and Fourier transformed (50, 52) into complex images. 
Each complex image includes an array or grid of vector 
data values having a magnitude and a direction or phase 
angle If the quadrature coil was truly quadrature over 
the entire region of interest the data values of both com- 
plex images would be a unit vectors. The vector of one 
image would be offset by 90° from the vectors of the oth- 
er A phase correction means (54) sets the phase angle 
ol the corresponding data values of the first and second 
complex images to a common vector direction or phase 
angle A magnitude correction means (56) adjusts the 
magnitude of each corresponding data value of the first 
and second complex images. The phase angle and mag- 
nitude corrected complex data images are summed and 
the * eal pi magnitude image is stored in an image mem- 
ory (62). 
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Description 

This invention relates to magnetic resonance meth- 
ods and apparatus. More particularly the invention re- 
lates to such method and apparatus utilising data cor- $ 
rection techniques for signals from quadrature receiving 
coils which are not, in fact, in quadrature over their entire 
field of view. 

Heretofore, various quadrature coils have been uti- 
lized in magnetic resonance imaging and spectroscopy 
apparatus. The quadrature coils typically include two 
coils or coil arrays which view the same region of interest, 
but are sensitive to signals 90° out of phase. Signals 
from the two coils are connected to an analog phase 
shifting circuit which causes both signals to have the 
same phase. Typically, the analog phase shifting circuit 
is an LC circuit which advances the phase of the lagging 
signal by 45° and retards the phase of the leading signal 
by 45° such that the two phases match. Once the phases 
match, the signals are summed, providing a signal to 
noise improvement of the V2. 

More mathematically stated : when two signals S t 
and S 2 are combined, the resultant signal S a is defined 
by: 

S * = Jl ( S i 2 + S 2 2 + 2S i s z sina ) 

where a is the phase difference between the two signals. 
It is readily apparent that S a is maximized when a-90° 
and St and S 2 are equal, i.e., a true quadrature relation- 
ship. It will further be noticed that as the phase angle a 
between the signals approaches zero, the advantages 
of summing disappear. Moreover, as the magnitude of 
the signals differ, summing the two components can ac- 
tually become disadvantageous. 

Typically, fully circularly symmetric coils, like a bird- 
cage coil, are in quadrature over substantially the entire 
region of interest. However, other coils, such as planar 
coils, tend to only have a plane of symmetry along which 
the signals received by the two coils are orthogonal. Sig- 
nals from off the plane of symmetry tend to lose their or- 
thogonality with distance from the plane of symmetry. 
Moreover, the intensity or relative magnitude of the sig- 
nals received by the two coils from points in space differ 
over the field of view. When these signals are combined 
with a conventional analog combiner, signals originating 
along the line of symmetry show good intensity and sig- 
nal-to-noise improvement. However, signal sources off 
the plane of symmetry tend to show less advantage with 
deviation from the plane of symmetry. 

Phase angle deviations in the signals received by 
different coils has also proven a problem in phased array 
coils. In phased array coils, a plurality of coils are dis- 
posed in a line with only small regions of overlap to image 
an enlarged area. Image portions are combined at the 
regions of overlap to produce an image that is larger than 



the field ol view of any individual coil. Phase variations 
at the regions of overlap tend to cause discontinuities in 
the image of the entire field of interest. In order to com- 
bine these images from linear coils with adjacent, slightly 
lapping fields of view, weighted magnitude images have 
been combined using a noise resistance matrix. Such 
image adjustment is, of course, performed after recon- 
struction. See, for example, U.S. Patent No. 4,825 : 162. 

U.S. Patent No. 4,947,121 describes a technique for 
combining signals from receiver coils using noise data 
samples and creating a noise matrix. These noise matrix 
techniques require additional scan time in order to ac- 
quire data for the noise matrix. Moreover, these tech- 
niques assume that the noise values of the two coils cor- 
rectly described the signal phase and magnitude devia- 
tions. When the anatomy to be imaged can affect the coil 
signal pattern, the signal phase and magnitude vary dif- 
ferently from the noise pattern with position in the field 
of view. Moreover, these techniques are directed to coil 
arrays with adjacent fields of view, not quadrature coils. 

The present invention provides magnetic resonance 
methods and apparatus using a signal correction tech- 
nique which overcomes the above-referenced problems. 

In accordance with the present invention, there is 
provided a magnetic resonance method in which a sub- 
ject is disposed in a temporally constant magnetic field 
and magnetic resonance signals from the subject are re- 
ceived by a receive coil assembly which has a first coil 
and an orthogonal coil which lack a true quadrature re- 
lationship over a field of view of the receive coil assem- 
bly, characterized by: separately receiving resonance 
signals from the first coil and the orthogonal coil of the 
receive coil assembly; transforming the resonance sig- 
nals from the first coil to generate a first complex domain 
image including an array of vector data values each hav- 
ing a magnitude and a phase angle and the resonance 
signal from the orthogonal coil to generate a second 
complex domain image including an array of vector data 
values each having a magnitude and a phase angle, the 
first and second complex domain images having pairs of 
corresponding data values; adjusting at least one of the 
phase angle and magnitude of each pair of correspond- 
ing data values of the first and second complex domain 
images such that each pair of corresponding data values 
has at least one of a normalized phase angle and mag- 
nitude; combining the normalized first and second com- 
plex domain images; and, producing a magnitude do- 
main image from the combined complex domain images. 

The present invention also provides a magnetic res- 
onance apparatus in which a subject is disposed in a 
temporally constant magnetic field in an examination re- 
gion and magnetic resonance signals from the subject 
are received by a quadrature coil assembly including first 
and second coils which lack a true quadrature relation- 
ship over their mutual field of view, characterized by: a 
transforming means for transforming resonance signals 
received by the first coil into a first complex domain im- 
age including a first array of vector values each having 
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a magnitude and a direction and for transforming reso- 
nance signals received by the second coil into a second 
complex domain image including a second array of vec- 
tor values each having a magnitude and a direction; a 
normalizing means for normalizing at least one of the s 
magnitude and the direction of corresponding vector val- 
ues of the first and second complex domain images; an 
image adder for combining corresponding vector values 
of the normalized first and second complex domain im- 
ages; and a display means for converting magnitudes of 10 
the combined vector values of the combined first and 
second complex domain images into a human-readable 
magnitude display. 

One advantage of the present invention is that it can 
improve signal strength uniformly, even from regions of is 
the field of view at which the two components of the 
quadrature coil are not truly quadrature. 

Another advantage of the present invention is that it 
does not require the computing of noise resistance ma- 
trices. 

Another advantage of the present invention is that 
when a matrix is utilized, phase correction and magni- 
tude of correction are applied to the signal matrix only. 

Another advantage of the present invention is that it 
is independent of any correlation between the noise data 
from the two halves of the quadrature coil because both 
coils see the same field of view and have minimal mutual 
inductance. 

Various methods and apparatus in accordance with 
the invention will now be described, by way of example, 
with reference to the accompanying drawings in which :- 

Figure 1 is a diagrammatic illustration of the appa- 
ratus; 

Figure 2 illustrates one embodiment of phase and 
magnitude correction means of the apparatus of Fig- 
ure 1; 

Figure 3 illustrates another embodiment of phase 
and magnitude correction means of the apparatus; 
and, 

Figure 4 illustrates yet another embodiment of the 
phase and correction means of the apparatus. 

Referring to Figure 1 , the apparatus includes a mag- 
net assembly 10 which generates a temporally constant 
magnetic field through an examination region. In a pre- 
ferred embodiment, the magnet is superconducting and 
has toroidal coils 1 2 disposed in a vacuum dewar 1 4. 
The examination region is defined in a central bore of the 
vacuum dewar 14. 

A self -shielded, whole-body gradient coil 20 and a 
whole-body radio frequency coil 22 extend peripherally 
around the patient receiving bore. 

An insertable, quadrature radio frequency coil 30 in- 
cludes a planar loop coil 32 and a Helmholtz pair 34 



which are primarily sensitive to orthogonal and parallel 
radio frequency components within its field of view. On 
a central plane of symmetry, the signals received by the 
two coils have a substantially 90 phase relationship. 
However, the phase relationship deteriorates with dis- 
placement from the central plane of symmetry. Option- 
ally, insertable planar gradient coils (not shown) may be 
connected with the insertable radio frequency coil 30. 

The Helmholtz and loop coils (34, 32) are connected 
respectively with a pair of amplifiers 36, 38. The amplified 
received resonance signals are conveyed to digital re- 
ceivers 40, 42 which demodulate the signals. Ana- 
log-to-digital converters 44, 46, which are preferably in- 
corporated into the receivers 40, 42, generate digital, 
raw, complex magnetic resonance signals. 

Array processors 50, 52 perform a two or three-di- 
mensional inverse Fourier transform on the digital reso- 
nance signals, each generating a two-dimensional com- 
plex image. The complex images each have an array or 
grid of complex vector data values. Each data value has 
a magnitude value and a phase angle value, i.e., real 
and imaginary components for each pixel or voxel of the 
field of view. A digital phase correction means 54 in- 
cludes circuitry, firmware, software, or the like for adjust- 
ing the phase angle of the complex image data values 
such that the phase angle of the corresponding data val- 
ues (data values corresponding to the same voxel of the 
field of view) is rotated into coincidence. A magnitude 
correction or normalization means 56 includes circuitry, 
firmware, software, and the like for adjusting the magni- 
tude values. In particular, the response of each coil is 
non-uniform. A signal source of unit intensity appears 
strong in some regions of the field of view and weaker in 
others. The magnitude correction means scales the 
magnitude value to compensate for this non-uniform re- 
sponse. A complex image adder 58 sums the two com- 
plex images corresponding data value by corresponding 
data value to generate a combined complex image rep- 
resentation. A magnitude image loading means 60 loads 
a magnitude image made up of the magnitude compo- 
nents of each data value into an image memory 62. A 
video board 64 selects magnitude image data from the 
image memory to generate two-dimensional hu- 
man-readable display on a video monitor 66. 

An operator using keyboard 70 and mouse 72 con- 
trols a workstation computer 74 which causes the video 
board 64 to withdraw selected planes of image data, gen- 
erate three-dimensional renderings ; create cut plane im- 
ages, and the like. 

The workstation computer 74 also controls a mag- 
netic resonance sequence controller 80 which controls 
the implementation of a selected one of a multiplicity of 
magnetic resonance imaging sequences. The sequence 
controller 80 causes current amplifiers 82 to send current 
pulses to the gradient coils 20 or insertable gradient coils 
for generating the magnetic field gradient pulses of the 
selected magnetic resonance sequence. A pair of digital 
transmitters 84, 86 generate radio frequency pulses un- 
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der the control of the sequence controller to cause the 
quadrature coils 22 to emit radio frequency magnetic res- 
onance excitation and manipulation signals. Alternately, 
the transmitters can be connected with the insertable ra- 
dio frequency coil 30. 

Three embodiments of the phase and magnitude 
correction means 54 and 56 will now be described with 
reference to Figures 2, 3 and 4. 

With reference to Figure 2, the signal from each of 
the coils 32, 34 is digitized into the raw complex image 
data R 1 and R 2 and supplied to the array processors 50, 
52 to be Fourier transformed. A phase unwrap algorithm 
90, 92 is applied to each data value to remove 2U phase 
discontinuities. That is, phase discontinuities in the sig- 
nals are corrected. Phase correction or normalization al- 
gorithms 94, 96 implemented in hardware or software fit 
the data values of each the phase discontinuity corrected 
complex image to a two-dimensional polynomial using a 
least squares fit 98 to generate a complex unitary vector 
array. The complex unitary vector array and data values 
of the phase unwrapped complex image are multiplied 
100 to create data values of a phase angle normalized 
complex image. In this manner, every data value in the 
first and second complex images has its phase angle 
normalized to the same phase angle. The phase correct- 
ed complex images are stored in memories or buffers 
102. 104. The magnitude of the phase corrected signals 
is scaled 106, 108 to a normalized value by multiplying 
by constants. The data values are then summed 58 in 
the complex domain and reconstructed into a single 
magnitude image for display. 

With reference to Figure 3, field pattern equations 
for the phase angle and magnitude are derived from the 
conductor pattern of each coil of the quadrature coil as- 
sembly and stored in a phase correction look-up table 
110 and a magnitude correction look-up table 112 : re- 
spectively. The signal from each coil is again digitized 
into raw complex image data and Fourier transformed. 
The phase correction table 1 10 is then used to rotate or 
normalize 114. 116 the phase angle of each signal to a 
common angle. The magnitude correction 112 table is 
used to scale or normalize 118, 120 the magnitude of 
each signal. When the phase and magnitude maps 
stored in the tables 110, 112 are physically displaced 
from the coordinate system of the data, an appropriate 
shift tn the data or table values is performed. The phase 
and magnitude corrected complex images are summed 
58 and reconstructed into the magnitude image for dis- 
play 

The phase and magnitude correction means of Fig- 
ure 4 relies only on the image data itself. Accordingly, it 
can be applied to any quadrature pair, symmetric or 
asymmetric, without a priori information about the coil. 
Rather than normalizing the phase angle and magnitude 
or signal strength to a common value for each data point, 
the phase angle and magnitude of one data value of one 
complex image is set to the same phase angle and mag- 
nitude as the other complex image. The signal from each 



coil is again digitized into raw complex image data and 
Fourier tranformed. Phase unwrap algorithms 130.. 132 
are applied to each set of raw data to create phase angle 
values 0-,, (J) 2 , with no discontinuities. A phase subtrac- 

5 tion means 1 34 subtracts the phase angle value of one 
data value from the corresponding phase angle value of 
the other complex image to determine a phase angle dif- 
ference A<J>. This phase angle difference is then added 
1 36 to one of the data values to rotate it into alignment 

io with the corresponding data value of the other complex 
image. In this manner, both components are given the 
same phase. This process is repeated for each pair of 
corresponding data values. Each data value may be nor- 
malized to a different phase angle or direction than the 

15 preceding data values. Buffer memories 140, 142 store 
the phase angle corrected images. The phase corrected 
images are then conveyed to magnitude normalizing 
means 56 which normalize the magnitude of the signals. 
The signals can be normalized using one of the normal- 

20 ization techniques described above. Alternately, the 
magnitude components M-, , M 2 of each corresponding 
pair of data is substracted in magnitude subtraction 
means 144 to create a magnitude difference AM. The 
difference is added 146 to the magnitude value of one of 

2S the components. The magnitude signals are added 58 
and reconstructed 60 into a single magnitude image for 
display. Note that the magnitude image reconstruction 
means 60 in this embodiment further adjusts each data 
value of the magnitude image to account for the varia- 

30 tions of phase angle or direction of the data values of the 
complex image sum. 

Various alternate embodiments are possible. For ex- 
ample, rather than using a point by point scheme as de- 
scribed above, a region by region phase and magnitude 

35 adjustment may be utilized. This technique defines mul- 
tiple points as a region and processes all the points within 
the region with a common correction. As another alter- 
native, only the phase or the magnitude might be cor- 
rected. As another alternative, the technique can be 

40 used to cancel rather than enhance selected signal com- 
ponents. For example, the raw data can be analyzed to 
determine the tissue type which it represents by compar- 
ing the individual data values to various thresholds. If the 
tissue is of a type which detracts from the resultant im- 

45 age, the phase correction can set the phase angle of the 
two components 1 80° apart such that the two data val- 
ues cancel rather than enhancing. Analogously, the 
magnitude normalization technique could be modified to 
subtract rather than add signals in selected regions. This 

50 technique can also be expanded to multiple quadrature 
coils in an array topology. Conventional techniques for 
geometric distortion correction, main field distortion cor- 
rection, radio frequency linearity correction, and the like 
can be combined into the present processing technique, 

55 either by separate steps, or where appropriate, com- 
bined into the look-up tables. System imbalances such 
as preamplifier gain, multiplexer gain, receiver channel 
gain, and the like can be corrected by using an additional 
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constant multiplied by the individual image data set prior 
to combination. The user interface can be used to select 
regions of primary interest tor enhancement. The de- 3. 
scribed corrections can be hard-coded into hardware 
chips for high-speed processing to accommodate the s 
rapid flow of data in a magnetic resonance imaging sys- 
tem or could be performed after image data collection 
using post-processing software. The look-up tables of 
the Figure 3 embodiment can also contain information 
about how the anatomy is to be imaged and the affect of 10 
the field pattern and how to compensate for its affect. In 
the embodiment of Figure 4, a low pass filter (not shown) 
could be applied to the raw data to smooth the phase 
data and then recombine it with the original phase data 
for each channel. 15 4. 



Claims 

1 . A magnetic resonance method in which a subject is 20 
disposed in a temporally constant magnetic field and 
magnetic resonance signals from the subject are 
received by a receive coil assembly (30) which has 

a first coil (32) and an orthogonal coil (34) which lack 
a true quadrature relationship over a field of view of 2s 
the receive coil assembly (30), characterised by: 
separately receiving resonance signals from the first 
coil (32) and the orthogonal coil (34) of the receive 5. 
coil assembly (30); transforming the resonance sig- 
nals from the first coil (32) to generate a first complex 30 
domain image including an array of vector data val- 
' ues each having a magnitude and a phase angle and 
the resonance signal from the orthogonal coil (34) 
to generate a second complex domain image includ- 
ing an array of vector data values each having a 35 
magnitude and a phase angle, the first and second 
complex domain images having pairs of correspond- 
ing data values; adjusting at least one of the phase 6. 
angle and magnitude of each pair of corresponding 
data values of the first and second complex domain 40 
images such that each pair of corresponding data 
values has at least one of a normalized phase angle 
and magnitude; combining the normalized first and 
second complex domain images; and, producing a 
magnitude domain image from the combined com- 45 
plex domain images. 

2. A magnetic resonance method as set forth in Claim 
1 further including: fitting the data values of each 
phase discontinuity corrected complex domain 50 
image to a polynomial to create a pair of complex 
unitary vector arrays; multiplying each complex vec- 
tor array and the data values of the corresponding 
phase angle corrected complex domain image 
together to obtain data values of a phase angle nor- ss 
malized complex domain image, each phase phase 
angle normalized complex domain image, each 
phase angle normalized data value having a com- 



mon, normalized phase angle. 

A magnetic resonance method as set forth in Claim 
1 further including: subtracting the phase angles of 
each pair of corresponding data values of the first 
and second complex domain images to obtain a 
phase angle difference; and, adjusting a phase 
angle of one of each pair of corresponding data val- 
ues of the first and second complex domain images 
in accordance with the phase difference such that 
each pair of corresponding data values of the first 
and second complex domain images have a com- 
mon phase angle value. 

A magnetic resonance method as set forth in Claim 
1 further including: for each pair of corresponding 
data values of the first and second complex domain 
images, addressing a phase angle correction 
look-up table (110) which is preprogrammed in 
accordance with phase angle deviations of the first 
and second coils across the examination region; and 
rotating the phase angles of at least one of the pair 
of corresponding data values of the first and second 
complex domain images in accordance with phase 
deviation values retrieved from the look-up table 
(110). 

A magnetic resonance imaging method as set forth 
in Claim 1 or Claim 4 including: retrieving weighting 
values from a magnitude correction look-up table 
(112) which is preprogrammed in accordance with 
magnitude deviations of the first and second coils 
across the, examination region; and adjusting the 
magnitude values of the first and second complex 
domain images in accordance with the retrieved 
weighting values. 

A magnetic resonance apparatus in which a subject 
is disposed in a temporally constant magnetic field 
in an examination region and magnetic resonance 
signals from the subject are received by a quadra- 
ture coil assembly (30) including first and second 
coils (32, 34) which lack a true quadrature relation- 
ship over their mutual field of view, characterised by: 
a transforming means (50, 52) for transforming res- 
onance signals received by the first coil (32) into a 
first complex domain image including a first array of 
vector values each having a magnitude and a direc- 
tion and for transforming resonance signals 
received by the second coil (34) into a second com- 
plex domain image including a second array of vec- 
tor values each having a magnitude and a direction; 
normalizing means (54, 56) for normalizing at least 
one of the magnitude and the direction of corre- 
sponding vector values of the first and second com- 
plex domain images; an image adder (58) for com- 
bining corresponding vector values of the normal- 
ized first and second complex domain images; and 
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a display means (60, 62, 64, 66) for converting mag- 
nitudes of the combined vector values of the com- 
bined first and second complex domain images into 
a human -readable magnitude display. 

7. A magnetic resonance apparatus as set forth in 
Claim 6 wherein the direction of each of the vector 
values of the first and second complex domain 
images is indicated by a phase angle value and the 
normalizing means (54, 56) includes: a phase sub- 
traction means (1 34) for subtracting the phase angle 
values of corresponding data values of the first and 
second complex domain images to obtain a phase 
angle differences; and a phase adjusting means 
(1 36) for adjusting the phase angle values of one of 
the first and second domain complex images in 
accordance with the phase angle differences such 
that the phase angle values of the corresponding 
data values of 

8. A magnetic resonance apparatus as set forth in 
Claim 6 wherein the directions of the vector values 
of the first and second complex domain images are 
indicated by phase angle values and the normalizing 
means (54, 56) includes: a phase correction look-up 
table (110) preprogrammed in accordance with 
phase angle deviations of the first and second coils 
(32, 34) across the examination region; and a means 
(114, 116) for adjusting each phase angle value of 
at least one of the first and second complex domain 
image representations in accordance with the 
look-up table (110). 

9. A magnetic resonance apparatus as set forth in any 
one of Claims 6 to 8 including a magnitude correc- 
tion means (56) for correcting a magnitude of at least 
one of the first and second complex domain images. 

10. A magnetic resonance apparatus as set forth in 
Claim 9 wherein the magnitude correction means 
(56) includes: a magnitude correction look-up (112) 
table preprogrammed in accordance with magnitude 
deviations of the first and second coils (32, 34) 
across the examination region; and means (118, 
120) for adjusting the magnitude values of the at 
least one of the first and second complex domain 
images in accordance with the magnitude devia- 
tions. 

11. A magnetic resonance apparatus as set forth in 
Claim 6 wherein the directions of the vector values 
of the first and second complex domain images are 
indicated by phase angle values and the normalizing 
means (54, 56) includes: phase correction means 
(90, 92) for correcting phase value discontinuities in 
the complex domain image vector values; and 
means (94, 96) for fitting the phase discontinuity cor- 
rected vector values to a polynomial to create a pair 



of complex unitary vector arrays and multiplying 
each complex unitary vector array and the disconti- 
nuity corrected vector values to a polynomial to cre- 
ate a pair of complex unitary vector arrays and mul- 
s tiplying each complex unitary vector array and the 
corresponding phase discontinuity corrected com- 
plex domain image together to obtain a normalized 
complex image whose data values have a common, 
normalized phase. 
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